The effect of γ-radiation on the extraction properties of two functionalized calixarenes (p-tert-butyl-thiacalix[4]arene and p-tert-butylcalix[8]arene) is studied. The most characteristic products of the irradiated extractants interaction with diluent are identified by mass spectrometry. Extraction ability of studied calixarenes towards cesium and americium before and after irradiation is evaluated. Quantitative analysis of chloride and sulfate ions after irradiation is performed to estimate the radiological degradation degree of components. Irradiation has different effect on p-tert-butyl-thiacalix [4] arene and p-tertbutylcalix[8]arene extraction ability towards americium, which may be due to the nature and extraction ability of radiolysis products, and practically does not affect cesium extraction.
Introduction
In the framework of alkaline high level radioactive waste (HLW) processing, various technologies of extraction recovery and concentration of radionuclides, in particular, 137 Cs, 90 Sr and transuranium elements (TUE) are developed [1] . Alkaline HLW, accumulated at the PA "Mayak" during the implementation of the USSR Atomic Project, are regarded as pulps of complex composition, containing in liquid phase, besides radionuclides, sodium hydroxide (about 3 mol/L), sodium nitrate (about 3 mol/L) and sodium nitrite [2] [3] [4] .
Earlier it was shown [5] that functionalized thiacalix [4] arenes can be used as possible extractants, capable to recover radionuclides from alkaline media. At the same time, an important part of extractant implementation in industry is its test on model HLW solutions and under irradiation. Available bibliographic data are very contradictory. In particular, in paper [6] it is told about high radiation stability of p-tert-butyl-thiacalix [4] arene TCA ( Fig. 1 ) up to 1 MGy. On contrary, in paper [7] extraction mixtures, based on this calixarene, are recognized as unstable: 99% of the extractant in 1,2-dichloroethane break up already at 10 kGy, and about 60% of extractant in cyclohexanone-at 100 kGy. Some researchers note that in acidic media (pH = 2-4) an increase of TCA extraction ability towards americium takes place [6] . It is explained by possible sulfide bridges oxidation to sulfone ones under irradiation. Our recent studies [8] demonstrated that both p-tert-butyl-calix [4] arene sulfone and its possible degradation product, 2,2′-sulphonylbis(4-(tert-butyl)phenol), extract americium with distribution ratios thousand times lower than those for TCA . Preliminary studies of irradiation influence on TCA molecule integrity and its extraction ability showed that the choice of a diluent makes remarkable contribution in calixarene integrity. For example, γ-irradiation of 0.0002 mol/L TCA solution in m-nitrobenzotrifluoride (m-NBTF) in the presence of alkaline aqueous phase leads to deep degradation of the diluent with intensive colored radiolysis products. This makes 1 3
difficult application of such systems for industrial purposes. Perchloroethylene was chosen for further experiments for the following reasons: it is suitable for chromatographic and spectral investigations and structurally close to hexachlorobutadiene, which is applied as a diluent in industrial processes. Calculation of the degree of extractant disintegration, based on the sumption that the concentration of sulphate anion in aqueous phase after irradiation can reflect 100% disintegration of thiacalixarene molecule with destruction of all four sulfur bridges, gives about 20% almost at doses less than 200 kGy. Values of americium distribution ratios under these conditions, indeed, increase considerably, it can be due to the possible formation of TCA partial destruction product 2,2′-thiobis(4-(tert-butyl)phenol), which extracts americium with the same efficiency.
Main aim of the present studies was to determine stability limits of extraction systems "TCA -perchloroethylene-alkaline aqueous phase" and "p-tert-butylcalix [8] arene-perchloroethylene-alkaline aqueous phase" under γ-irradiation and to identify possible radiolysis products.
Experimental

Materials
Chemically pure perchloroethylene (AR grade, JSC "Vekton"), washed twice with 1 mol/L soda solution and water, was filtered and used as diluent in extraction experiments without any additional purification.
Solutions of extractants were prepared by precise weighs of substances.
Radiochemically pure isotopes 241 Am and 137 Cs with main radionuclide content over 99.9% were obtained at JSC "Isotope".
Chemically pure (LR grade) sodium bicarbonate and sodium hydroxide were used to prepare initial aqueous phase for irradiation and extraction experiments.
Synthesis and purity tests of studied calixarenes
Structural formulae of studied calixarenes are presented on Fig. 1 .
p-tert-butyl-thiacalix [4] arene (TCA ) was synthesized by method, described in paper [9] . Its purity tests, performed by NMR methods ( 1 H and 13 C) and elemental analysis, presented in paper [10] .
p-tert-butylcalix [8] arene (TB8) was synthesized by known technique [11] . 1 
Irradiation studies
Extractants irradiation was carried out at the PA "Mayak" on γ-ray irradiation plant "Researcher" with a cobalt-60 source (total activity is 6.1 × 10 14 Bq, maximum power of γ-radiation exposition dose at the center of the operating camera is 14 kGy/h). 14 samples of different composition were irradiated ( Table 1) . Four of them consisted of TCA solutions in perchloroethylene (No. 2, 3, 5 and 6) in contact with corresponding aqueous phase, six of them consisted of TB8 solutions in perchloroethylene (No. 7, 8, 10, 11, 13 and 14) in contact with aqueous phase, four samples consisted of pure diluent only (No. 1, 4, 9, 12) in contact with aqueous p-tert-butyl-thiacalix [4] arene (TCA) p-tert-butylcalix [8] arene (TB8)
phase. Volume of each organic phase was 5 mL, volume of each aqueous phase was 4 mL. Organic and water phases were put in an ampoule blown by argon during 10 min before soldering. Content of soldered ampoules was intensively stirred during 3 min and then ampoules, together with cerium dosimeter, were placed in the irradiation plant in horizontal position to achieve more uniform irradiation of all ampoules. After irradiation intensive stirring of ampoules was repeated, and visual description of content (turbidity, change of color, gas formation, etc.) was performed after delamination of the phases.
At the same time, several reference non-irradiated samples (TCA or TB8 solutions in perchloroethylene and pure perchloroethylene in contact with the aqueous phase, No. A1, B1 and C1) were prepared. This series of samples was opened upon termination of irradiation and analyzed for a content of sulfate and chloride ions. Studying of americium and cesium extraction with these samples was also carried out. In order to observe, if there is any effect of aqueous phase contact on calixarenes extraction ability, 2 samples of fresh organic phase (No. A0 and B0) were prepared directly before extraction experiments.
The analysis of all (irradiated and reference) samples was performed in several days to exclude change of samples composition with time.
Extraction studies
Irradiated and reference samples were examined on their extraction ability towards 241 Am and 137 Cs. After separation organic phases were used for extraction experiments.
Measurement of pH values of aqueous phases for extraction experiments, as well as extraction methodic itself and radiometrical measurement of 241 Am and 137 Cs are completely described in our recent works [10, 12] .
Measurement of chloride and sulfate ions concentration
Measurements were performed on ion chromatograph "Stayer" with TS10 column thermostat, conductometric detector and MultiChrome software and hardware system. Ions separation was carried out on anion exchange column "Star-Ion A300" (100 × 4.6), manufactured by Phenomenex, USA.
The method is based on chromatographic ions separation on ion exchange chromatography columns, filled with a specific anion exchanger of low exchange capacity, followed by conductometric detection of analyzed ions with preliminary suppression of the background conductivity of the eluent.
Measuring uncertainty of sulfate and chloride ions concentration is 10% with a confidence level of P = 0.95.
Mass-spectrometric studies
The HR-ESI mass-spectra were obtained on a BRUKER maXis spectrometer, equipped with an electrospray ionization (ESI) source; acetonitrile and methanol were used as diluents. The instrument operated in negative and positive modes, using m/z range of 50-3000. The capillary voltage of the ion source was set at 4000 V. The nebulizer gas pressure was 1.0 bar, and the drying gas flow was 4.0 L/min.
Results and discussion
Irradiation effects in pure diluent
All organic phases, prepared for irradiation, were transparent, colorless, without any precipitates. Visual effects and anion concentrations are presented in Table 2 . As it is seen from Table 2 , the color of the aqueous phase (1 mol/L NaOH, Table 1 ) intensifies with irradiation dose increase, and converts from the yellowish tinge at 20 kGy to the yellowish brown at 80 kGy.
The ion concentration analysis shows the presence of chloride ions in the aqueous phase (combined with the organic phase washout), which may indicate slight decomposition of perchloroethylene under the action of radiation (up to 1% of the diluent).
Irradiation effects, extraction experiments and mass spectra for TCA
Irradiation effects in the system "TCA solution in perchloroethylene: 1 mol/L NaOH" TCA concentration in perchloroethylene solution was 0.001 mol/L. Dissolution was complete, without heating. The resulting TCA solution was clear, colorless and stable when stored.
Four samples "TCA solution in perchloroethylene-1 mol/L NaOH" were exposed under γ-radiation. Two of them were irradiated by the dose of 10 kGy and the others-by the dose of 20 kGy in order to conduct both extraction studies with irradiated organic phase and ion concentration analysis. The range of the irradiation dose was chosen in accordance with our preliminary studies, which showed that the dose less than 70 kGy is enough to observe radiolytic degradation of the extractant [8] .
Before irradiation, the aqueous phase was transparent, colorless, whereas the organic one became turbid, white, with whitish precipitate on the interphase boundary. The TCA solution clouded a few hours after contact with 1 mol/L NaOH (visual effects and anion concentrations are presented in Table 3 ).
Visual inspection shows that the low solubility of the ligand after a few hours of solution storage promotes the TCA release into a third phase. With radiation dose increase, there is a tendency to increase the amount of precipitate at the interphase boundary, which may indicate further decrease in the solubility of the ligand in the organic phase and the sorption of poorly soluble radiolysis products on the particles of the initially formed precipitate.
The presence of ligand in the system contributes to the intensification of the aqueous phase color: at 20 kGy there is already a yellow tinge, which appears in pure perchloroethylene solution only at 50 kGy.
The ion analysis shows that the perchloroethylene degradation can be considered as more intense in the presence of TCA : at 20 kGy decomposition degree reaches 0.36% (0.1% higher than in pure perchloroethylene). But this can also be considered as insignificant effect. The presence of sulfate ions in the aqueous phase indicates that partial ligand decomposition occurs as a result of irradiation, with formation of sulphates, which pass into the aqueous phase. Maximum decomposition degree is estimated at 20-36%, providing that all thiacalixarene sulfur bridges tear off and molecule totally decomposes.
Extraction experiments with irradiated organic phase, containing TCA
The data of americium and cesium extraction (Table 4 ) by the irradiated organic phase show that the cesium distribution ratios remain practically unchanged in the entire study interval. For americium, the situation is fundamentally different: transition from freshly prepared organic phase to a solution, which was set in contact with the aqueous phase (1 mol/L NaOH) leads to a drop in the values of the americium distribution ratios by more than 5 times, and the values continue to decrease for the solution, irradiated with a dose of 10 kGy. At the same time, an increase of the dose up to 20 kGy unexpectedly leads to the opposite effect: the americium distribution ratios increase again, and this theoretically may indicate the appearance of some products of addition reaction (or, conversely, the reaction of the calixarene cycle opening), having extraction ability towards the americium. Mass spectrometric analysis data could clarify this assumption.
Mass spectra of irradiated organic phase, containing TCA
During the processing of mass spectra the main attention was focused on products of addition reactions and products of possible calixarene cycle disclosure, therefore the existence of products with molecular weight less than 300 wasn't analyzed in detail.
The mass-spectrometric analysis of TCA initial solutions in perchloroethylene, as well as analysis of solutions, irradiated by the dose of 10 and 20 kGy shows, that besides the peak of the main compound, there is the insignificant impurity of the oxidized form, which is formed after contact with the aqueous phase. In general, there are no markable differences between the mass-spectra of irradiated extractant solutions, and they show that the main component is intact TCA (Fig. 2) . A slight difference can be seen in the expected oxidized forms, identified when recording spectra in methanol and in acetonitrile. Thus, in Fig. 2 (the spectrum is recorded in methanol) it is assumed that the oxidized forms with the general structure [(M + O)-H)] − and [(M + 2O)-H)] − exist (products of extractant oxidation). In Fig. 3 (the spectrum is recorded in acetonitrile) the form with general structure [(M + CO)-H] − is identified, perhaps as a result of calixarene interaction with acetonitrile. These differences, apparently, can be explained by the different solvation effects of methanol and acetonitrile.
It is also necessary to note, that superficial study of the whole range of products, identified in the organic phase after irradiation with doses of 10 and 20 kGy, allows to assume the presence of compound with measured ionic mass, approximately corresponding to the half of the TCA molecule.
Irradiation effects, extraction experiments and mass-spectra for TB8
Irradiation effects in the system "TB8 solution in perchloroethylene: 1 mol/L NaOH" Molar concentration of TB8 in perchloroethylene was calculated as 0.01 mol/L. Full TB8 dissolution wasn't reached. After filtration ligand solution was transparent and colorless, but it was stated that TB8 solution becomes turbid in a day after preparation due to low solubility.
Six samples of extraction system "TB8 solution in perchloroethylene-1 mol/L NaOH" were exposed under γ-radiation. Two of them were irradiated by the dose of 20 kGy, the next two were irradiated by the dose of 50 kGy and the others-by the dose of 80 kGy. The range of the irradiation dose 20-80 kGy was chosen in accordance with calculations of total dose, which can be got by the ligand during full extraction cycle of HLW processing (visual effects and cloride concentration are presented in Table 5 ).
As described above, the low ligand solubility in perchloroethylene leads to solution turbidity already in a day after preparation. The white coat can be regarded as calixarene, which forms third phase without any radiation influence.
Degradation degree of the diluent, calculated according to the chloride ions content in the aqueous phase, practically doesn't differ from that for pure perchloroethylene or TCA solution in perchloroethylene (the data of americium and cesium extraction with TB8 solution are presented in Table 6 ).
With increase of radiation dose the quantity of the precipitate on the interphase boundary also grows and its color intensifies, which can be associated with mechanical capture of ligand and solvent degradation products during their precipitation. Already at the dose of 20 kGy both aqueous and organic phases become yellow and orange coloring, and its intensity increases with radiation dose. Data of cesium and americium extraction with TB8 solutions show that, like for TCA , there is practically no visible extraction of cesium. Cesium distribution ratios are slightly higher, when the extractant solution is fresh, but in general the values don't exceed 0.1-0.5. For americium the predicted decrease of distribution ratios is observed when going from fresh extractant solution to the solution, which was in contact with the aqueous phase.
After irradiation with the dose of 10 kGy americium distribution ratio increases again up to the value, referred to the fresh extractant, than decreases a little with further irradiation. Thus, the irradiated phase after its preliminary contact with 1 mol/L NaOH extracts americium better or at the same level as fresh extractant solution.
Mass spectra of irradiated organic phase, containing TB8
Below the mass spectra of the initial TB8 solution without irradiation, as well as the solution after irradiation with a dose of 80 kGy (Fig. 4) , are presented. The list of the most characteristic products is presented in Table 7 .
Values of monoisotope ions masses, i.e. ions containing only atoms of the most widespread isotopes are given-1 H, 12 
Conclusions
The study of changes in the extraction ability towards cesium and americium of two different calixarenes under the γ-irradiation allows drawing the following conclusions.
Our preliminary studies showed that the irradiation of 0.001 mol/L solution of TCA in perchloroethylene can lead to partial decomposition of thiacalixarene with formation of several radiolysis products, possessing appreciable extraction ability towards americium [8] . It was assumed that the product of degradation may be 2,2ʹ-thiobis(4-(tbutyl)phenol, which extracts americium with the same efficiency as TCA . The experimental data, described above, indicate that when the 0.001 mol/L TCA solution in perchloroethylene is irradiated with doses of 10 and 20 kGy, an insignificant degradation of the diluent (< 0.5%) and a partial degradation of the extractant occur. The maximum degree of extractant decomposition is regarded as 20-36%, providing that the sulfate anion concentration in aqueous phase after irradiation can be attributed to the total thiacalixarene decomposition down to sulphates. But it is more probable that the extractant decomposes only partially with calixarene cycle opening and linear products formation. Mass-spectrometric analysis of the products, available in irradiated solutions, together with the data of americium and cesium extraction, suggests that with increase in the irradiation dose, the product of the TCA cycle opening (for example, 2,2′-thiobis(4-(t-butyl)phenol, possessing) forms.
Experimental data on irradiation and further studies of 0.01 mol/L TB8 solution in perchloroethylene make it possible to conclude that the diluent molecules attach to the extractant molecule. Diluent degradation degree in this system is also less than 0.5%. Observed changes in extractant composition do not practically affect its extraction ability towards americium.
Thus, irradiation of the organic phase in the case of both compounds has little effect on the extraction efficiency towards cesium (which is initially very low) and americium, but in the case of TCA , it can be said that with radiation dose increasing, americium extraction is due not to extraction ability of the initial extractant, but of the product of its degradation. 
